Abstract-An industrially applied LCC power converter is modelled as a hybrid system. It is found that the hybrid system with three continuous states and one logic state given a parameter set up and different initial conditions has among other solutions one central closed trajectory and two types of limit cycles, on the left and the right side. The other solutions are indicated.
I. INTRODUCTION
DC/DC converters are today mainly controlled by switching devices causing abrupt changes in the converter dynamics. Modelling the switch devices as ideal, the controlled converters fall within the group of hybrid dynamical systems, see [1] , [2] and [3] . The variety of topology of DC/DC converters is huge. In this report the control of an industrially applied resonant converter is discussed. Resonant converters have possibly many good properties, i.e. switching losses.
There are several suggestions of how to design a switched controller for resonant converters. Oruganti and Lee presented in [4] a set of switched state feedback controllers and since then several authors have addressed the design and analysis question of resonant converter controllers. See for instance [5] , [6] and [7] . Some of the control laws suggested generate piecewise systems, possibly piecewise linear systems and some of others generate a more general subclass of hybrid systems.
Careful analysis of switched resonant converters, also when modelled with only two continuous states and as a piecewise linear system, can show that the possible solution set can be very rich. See for instance [8] and [9] . When modelling with three continuous states the solution set will increase even more, see [10] . In [11] a controller for an industrially applied resonant converter is analyzed. The converter is run by a trinary controller, i.e. the control output is a set with three values. In the current paper the same resonant converter is analysed running by a binary controller.
The industrially applied resonant converter, described in this report, is modeled as a series parallel, LCC, converter, see the circuit diagram in Fig. 1 . The suggested controller is a switched feedback controller, derived to have high robustness for load disturbances. The solution set appears to be richer than expected and is together with the industrial implications addressed as the main topics in this report.
The series part of the converter consists of the capacitance, C, and the inductance, L. The parallel capacitance, C w , models parasitic effects in the transformer, TR, and has the size of about 15% of the series capacitance, C. The resistance R is neglected in the analysis. The controlled output of the converter is the current, I 0 , to the load capacitance, C 0 , on the secondary side of the transformer. The resonant converter is applied in a high voltage equipment. The capacitive load and high transformer ratio will give a comparatively large effective load capacitance, making the load voltage, U 0 , only slowly varying. Hence, the load voltage is modeled as a constant voltage source, with the value U 0 ', on the primary side of the transformer. The converter is supplied by the voltage, E, and a full transistor bridge is controlling the voltage across the resonant circuit between junctions A and B, u AB . Assuming ideal transistor switches, the control signal can then be taken out of a set of two levels, } , { E E u AB − ∈ , i.e. the controller is a binary controller. The resonance frequency is 20 kHz and the controller is running the converter in a limit cycle above the resonance frequency, generating low switch-on losses in the transistors. In spite of the large load capacitance there are frequently load voltage disturbances in the industrial application that the controller has to cope with. The suggested controller is derived with the aim of robustness for load voltage disturbances. The controller is implemented in FPGA technology, implying that intensive calculations can be performed and that the sampling interval can be short.
II. THE CONVERTER MODEL

A. Choice of controller
Choosing the two most important states as the normalized series capacitance voltage, u CN , and inductance current, i LN , which implies easier calculations, the resonant converter is given by the second order system ( ) 
B. Modelling the closed third order system
The chosen controller is evaluated for the third order system with the third state, z, as the normalized u w =u w /E. The closed system will be given by a hybrid dynamic model with three continuous states and two logic states. The three continuous states are given by the normalized capacitances voltages and the normalized inductance current, Fig. 3 . shows a state graph for the logic states given by the parameter q, ‫ݍ‬ ൌ ͳ ܽ݊݀ ‫ݍ‬ ൌ െ 1, for the controlled system. The closed system is given by the system If we change the signs of the states, that is replace ‫ݔ‬ with Ȃ ‫ݔ‬ǡ ‫ݕ‬ with Ȃ ‫ݕ‬ and ‫ݖ‬ with Ȃ ‫ݖ‬ and consider the property of ‫ݍ‬ we conclude that the system (2) is invariant and therefore the vector field of (2) has symmetric properties with respect to the origin. So called center symmetry.
The transition condition a, shown in Fig 3, is fulfilled if the state trajectory passes the y=0 plane and the transition condition β is fulfilled if the state trajectory projected onto the xy-plane hits the chosen ellipse in the xy-plane. In the third order system, xyz, the elliptic switch curves will act as an elliptic cylinder. Fig. 7 shows the elliptic cylinder surface in the three dimensional system as indicated by three ellipses. 
C. Following trajectories of the system
In order to easier follow trajectories in the system the over all valid equation (2) is reformulated for different regions of the state space.
It is clear by (2) that the trajectories of the system always reside in between or onto the planes ൌ ܷ ൌ െܷ making ȁ‫ݖ‬ȁ ܷ . The system can, when the trajectory resides in between these planes, be expressed by the following threedimensional hybrid system: Table 1 . is divided into the two sub regions + : ‫ݕ‬ Ͳ and -: ‫ݕ‬ ൏ Ͳ. Whenever a trajectory moves from + to -then ‫ݏ‬ ൌ െͳ, from -to + then ‫ݏ‬ ൌ ͳ. After impact with the ellipse 
III. THE SYSTEM TRAJECTORIES
In this section some properties of the trajectories and possible limit cycles are derived.
Conjecture. A trajectory that starts in the cylinder stays in the cylinder.
Consider the top of the cylinder, ‫ݖ‬ ൌ ܷ ே , in the upper half plane, ‫ݕ‬ Ͳ. Immediately after an intersection between a trajectory and the ellipse at a point ሺ‫ݔ‬ ǡ ‫ݕ‬ ሻ where Ȃ ܽ ൏ ‫ݔ‬ ൏ ܽ and Ͳ ൏ ‫ݕ‬ ൏ ܾ we have ‫ݏ‬ ൌ Ͳ and from equation (5) we obtain the system: Lemma. The system possesses no limit cycles entirely inside the cylinder, without intersecting the cylinder hull.
IV. SIMULATIONS
Simulations indicate that the system possesses three different limit cycles and closed trajectories in the compact cylinder . One of them is unstable and centrally located in the cylinder. The other two are asymptotically stable and located to the left respectively to the right, see Fig. 4 . A detailed yz projection of the limit cycles and closed trajectories are given in Fig. 6 It can be seen that the limit cycle to the right is in fact a two revolutions limit cycle, see Fig. 7 . Fig. 7 . One limit cycle to the right is shown together with an indication of the cylindric switch surface. It can be seen that the limit cycle consists of two revolutions.
In the figures Fig. 8 and Fig. 9 the limit cycles and closed trajectories can be seen for slightly different initial conditions. The limit cycles to left and to the right are situated very close to the cylinder boundary. It is possible that the limit cycle shown contains chattering phenomena.
V. CONCLUSIONS
An industrially applied LCC power converter is modelled as a hybrid system. It is found that the hybrid system given a parameter set up and different initial conditions has three different limit cycles. One central situated symmetrical closed trajectory and two types of asymmetric limit cycles, on the left and on the right. The two asymmetric limit cycles are stable while the third one is not. It is judged that when introducing switched controllers in industrial applications the solution set has to be carefully analysed. The solution set of hybrid system can be very rich.
The aim in the industrial application is to deliver a certain rectified current to the load. This can be performed by letting a controller running the system in a stable limit cycle, symmetric around the origin. It has been found that the controller will only give a closed trajectory around the origin, i.e no stable limit cycle. Instead the suggested controller will give two highly asymmetric limit cycles. The asymmetric limit cycles will not generate the correct rectified current to the load.
